Mendelian disorders of the epigenetic machinery are a newly delineated group of multiple congenital anomaly and intellectual disability syndromes resulting from mutations in genes encoding components of the epigenetic machinery. The gene products affected in these inherited conditions act in trans and are expected to have widespread epigenetic consequences. Many of these syndromes demonstrate phenotypic overlap with classical imprinting disorders and with one another. The various writer and eraser systems involve opposing players, which we propose must maintain a balance between open and closed chromatin states in any given cell. An imbalance might lead to disrupted expression of disease-relevant target genes. We suggest that classifying disorders based on predicted effects on this balance would be informative regarding pathogenesis. Furthermore, strategies targeted at restoring this balance might offer novel therapeutic avenues, taking advantage of available agents such as histone deacetylase inhibitors and histone acetylation antagonists.
INTRODUCTION
With the increasing use of genome-wide tools to interrogate the integrity of entire individual genomes, there has been an explosion in the identification of the class of disorders (e.g., 25, 41, 48, 54, 60, 86, 105, 106, 116, 119, 123) that we propose to call the Mendelian disorders of the epigenetic machinery. These inherited disorders result from mutations in the genes encoding various components of the epigenetic machinery (11) , and the pathogenesis of these disorders is likely to be caused in part by downstream epigenetic consequences.
Herein, we review important concepts that define both classical imprinting disorders and Mendelian disorders of the epigenetic machinery. We briefly discuss classical imprinting disorders, which result mainly from disruptions occurring in cis, as well as multilocus methylation defects, which implicate trans-acting factors as playing a role in imprinting disorders. The bulk of this review, however, focuses on Mendelian disorders of the epigenetic machinery, highlighting unique characteristics and the interconnectedness of the various systems. We emphasize the epigenetic imbalance created by some of these conditions, which may lead to novel therapeutic strategies for patients with these disorders.
PRINCIPLES ILLUSTRATED BY CLASSICAL IMPRINTING DISORDERS
The term imprinting refers to the differential expression of alleles for a particular gene depending on the parental origin of the allele. Each allele contains a distinct set of epigenetic modifications or marks (see sidebar, Epigenetic Modifications), which influence chromatin structure and regulate gene expression at particular imprinted loci (46) . The regulation of differential gene expression at imprinted loci is quite complex and involves DNA methylation, characteristic epigenetic signatures of associated covalent posttranslational modifications of histone tails, noncoding RNAs, and transacting factors, all of which play key roles in the process (72) .
Disrupting these epigenetic marks, and subsequently tipping the balance of parent-of-originspecific gene expression, results in classical imprinting disorders. These disorders are characterized by the universal features of abnormal growth and/or intellectual disability as well as by individual
EPIGENETIC MODIFICATIONS
The term epigenetics refers to heritable changes in gene expression in the absence of alterations in the DNA sequence (104) . Epigenetic modifications play a major role in tissue-and cell-type-specific differences in gene expression (100, 138) and many other cellular processes (73, 131, 137) . The role of epigenetics in disease is well established in the field of cancer (10, 34) and imprinting disorders (8) .
CpG methylation of DNA at promoters is associated with gene silencing, whereas gene body CpG methylation is associated with active transcription (50) . The human genome is relatively depleted of CpG dinucleotides, which when present tend to be methylated (30) . However, CpG islands-stretches of DNA sequence enriched for CpG dinucleotides-are protected from DNA methylation (16, 111) . In contrast, CpG shores are seen in close proximity to CpG islands with comparatively reduced CpG densities (55) . Shores are often methylated in association with tissue-specific transcription silencing (55) .
The histone modification machinery is thought to integrate cellular signaling pathways, which converge on promoters of genes to create a single unified signal (2, 103) . Currently the meaning of the combinatorial histone modification "language" (13, 37, 112 ) is incompletely understood. However, a deeper understanding will likely yield insights into gene expression regulation (37) .
Chromatin: DNA and its associated proteins (histones) characteristic dysmorphisms, subsets of which are shared among related disorders. Classical imprinting disorders, resulting from alterations in gene dosage, illustrate many of the key concepts that have defined the field of epigenetics, including the ideas that epigenetic marks are often locus specific and that they act in cis. For example, Prader-Willi syndrome (PWS) and Angelman syndrome (AS), two classical imprinting disorders, result from opposing molecular abnormalities at an imprinted gene locus on 15q11 and have characteristic neurobehavioral phenotypes depending on whether the maternal or paternal allele is affected (22, 77) . AS is caused by a lack of maternal UBE3A expression resulting from disrupted imprinting via a variety of genetic and epigenetic mechanisms occurring in cis. AS is characterized by intellectual disability, severe speech impairment, ataxia, seizures, and microcephaly (77) . A lack of the paternal contribution of genes in the region leads to PWS, which is characterized by severe neonatal hypotonia and failure to thrive along with subsequent intellectual disability, hyperphagia, obesity, short stature, small hands and feet, and hypogonadism (22) .
Beckwith-Wiedemann syndrome (BWS) and Russell-Silver syndrome (RSS) can result from opposing molecular abnormalities at another imprinted region, 11p15 (24, 29) . These disorders are characterized by overgrowth and growth failure, respectively. The 11p15 region contains two separate imprinting domains: the IGF2/H19 locus [imprinting control region 1 (ICR1)] and the CDKN1C/KCNQOT1 locus (ICR2). When either locus is disrupted, tipping the balance toward increased expression of paternal genes, the overgrowth disorder BWS results. This dosage imbalance occurs primarily via epigenetic mechanisms acting in cis, most commonly loss of methylation at ICR2, gain of methylation at ICR1, or paternal uniparental disomy of the entire 11p15 region (24) . Individuals with BWS can exhibit pre-and postnatal somatic overgrowth, hemihyperplasia, macroglossia, neonatal hypoglycemia, craniofacial dysmorphisms, and abdominal wall defects, and they are at increased risk of certain embryonal tumors. RSS, in contrast, is characterized by poor pre-and postnatal growth, failure to thrive, hemihypoplasia, and characteristic dysmorphisms (including a prominent forehead) as well as occasional hypoglycemia. The majority of RSS results from paternal hypomethylation at ICR1, a gene dosage imbalance that leads to increased maternal gene expression with no paternal contribution (29) .
Genomic imprinting and other epigenetic phenomena demonstrate environmental sensitivity (59) . For instance, BWS and AS occur with an increased incidence in the offspring of infertile couples conceived using artificial reproductive technologies (4), which involve a multitude of environmental disruptions that could potentially impact malleable epigenetic marks. There is also an increased incidence of BWS in monozygotic twins, and, notably, many of these twin pairs are discordant for both phenotype and epigenotype, suggesting that epigenetic alterations contribute to phenotypic variability even among genetically identical individuals. Whether somatic mutations may also play a role is unknown, however. Most examples of discordant monozygotic twins with BWS involve the same molecular epigenetic abnormality, namely DNA hypomethylation at ICR2 (90) . These observations suggest an environmental or stochastic contribution to the molecular epigenotype, which subsequently leads to a disease phenotype.
The classical imprinting disorders have traditionally been thought to result exclusively from individual locus-specific effects occurring in cis (9) . However, this idea has been called into question by recent studies reporting that a subset of patients with classical imprinting disorders have DNA methylation defects at multiple imprinted sites throughout the genome, including at both maternally and paternally inherited alleles (96) . This suggests that an upstream trans-acting genetic factor may be causative. In fact, pathological homozygous or compound heterozygous mutations have been identified in a gene encoding a zinc finger-containing transcription factor thought to be involved in maintaining imprints (ZFP57) in some individuals with multilocus methylation defects and transient neonatal diabetes mellitus, making this the first genetic factor identified as causing a classical imprinting disorder in trans (78) . Importantly, multilocus methylation defects have been reported in BWS, RSS, transient neonatal diabetes mellitus, and other disorders, but they appear to be much less common in PWS and have not yet been described for AS (96) . Thus, genetic factors causing classical imprinting disorders in trans probably account for only a small fraction of imprinting disorders. More common are the newly appreciated Mendelian disorders of the epigenetic machinery, in which genetic alterations cause global epigenetic effects in trans (11) .
MENDELIAN DISORDERS OF THE EPIGENETIC MACHINERY
The DNA methylation machinery and the histone machinery affect the expression of many genes in trans (11, 130) . Within this group, genetic mutations may occur in writers, erasers, or readers of epigenetic marks as well as in chromatin remodelers ( Table 1 ). The writers of epigenetic marks, which can be conceptualized as a set of highlighters, place the appropriate modifications on particular regions of the genome based on the cell type, developmental stage, and metabolic state of the cell. These marks "highlight" individual regions for use or disuse depending on whether the mark favors a more open or more closed chromatin state (Figure 1) . The erasers of epigenetic marks remove these same marks, favoring the opposite chromatin states (Figure 1) . The readers of epigenetic marks recognize and interpret particular marks locally and theoretically give cells a mechanism for keeping track of the overall chromatin state (Figure 1) .
Another group is the chromatin remodelers, which use the energy of ATP to move nucleosomes along DNA to alter the accessibility of sites and facilitate various cellular processes involving protein-DNA interactions (49) . They often function as part of large macromolecular protein complexes, and many have been implicated in Mendelian disease (11) ( Table 1) . They each have unique modular structures with multiple domains of differing function in addition to their ATPase activity. For example, some contain bromodomains and others contain chromodomains, both of which are readers of distinct chromatin marks (49) . This modular structure of the ATP-dependent chromatin remodelers serves the important purpose of linking the various epigenetic systems.
Appropriate cell-type-specific gene expression requires achieving a balance between the activities of the two opposing systems (writers and erasers) and subsequently the placement of their respective marks (Figure 1) , which ensures that the appropriate composition of chromatin is present at particular gene promoters. Although a steady-state balance of chromatin marks is likely achieved at any given time, the opposing histone systems are likely to be dynamic (35, 82) , allowing the cell to rapidly respond to changes in environmental signals by altering gene expression at specific loci. The histone machinery (as well as some components of the DNA methylation machinery) is enormously redundant, perhaps reflecting the critical importance of maintaining this balance in many different cell types (Figure 1 ).
MOLECULAR MECHANISMS OF EPIGENETIC SYSTEMS
Understanding individual components of the epigenetic machinery and the marks that they place, remove, and interpret, as well as how they work together to affect cellular gene expression programs, is critical in appreciating the molecular pathogenesis of Mendelian disorders of the epigenetic machinery. We focus here on those marks currently known to be disrupted in the various conditions, namely histone lysine acetylation, histone lysine methylation, and DNA cytosine methylation. In general, acetylation of histones by histone acetyltransferases is associated with active gene expression, and deacetylated histones (mediated by histone deacetylases) tend to be present in transcriptionally silent regions (137) . The histone acetylation mark is read by bromodomain-containing proteins. Bromodomains are found within histone acetyltransferases themselves and within chromatin remodelers, suggesting that this domain has a role in both maintaining acetylation states and recruiting chromatin-remodeling complexes to acetylated lysines, and thus to sites of active transcription (137) . Histone lysine methylation by histone methyltransferases is more complex than histone lysine acetylation because lysine methylation can be associated with either open or closed chromatin and can exist in four distinct states (Figure 2 ). For instance, trimethylation of lysine 4 on histone H3 (H3K4me3) and H3K36me2/3 are generally associated with open chromatin. The former is preferentially associated with promoter regions, and the latter occurs mainly within gene bodies (137) . Interestingly, loss of the H3K4me3 mark in some experimental systems does not correlate with significant changes in gene expression (137) , although this has not been tested universally. Components of the epigenetic machinery. This machinery consists of writers (highlighters) and erasers of marks [for example, trimethylation of lysine 4 on histone H3 (H3K4me3)] as well as readers of those marks. A net balance between systems that remove and add a particular mark must be achieved. In many ways, the interacting epigenetic systems have certain distinct aspects that make them powerful final integrators of cellular signals (59) . For instance, many of the marks placed/removed by writers/erasers can directly affect gene expression, either in a permissive (H3K4me3, shown) or nonpermissive (H3K9me3, not shown) manner. This change in expression, presumably of multiple genes, has the potential to form feedback loops by affecting the amount and availability of the modification in question. Various internal metabolites can directly affect the prevalence of marks. For instance, S-adenosyl-methionine (SAM) is a donor for methylation reactions, including both DNA and histone methylation. Use of critical metabolic intermediates like SAM as donors for histone tail modifications or for DNA methylation allows environmental influences to impact and be integrated into the system and to potentially affect gene expression directly (76) .
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In contrast, H3K9me2/3, H3K27me3, and H4K20me3 (and, occasionally, H3K36me2/3) are marks associated with transcriptionally silent regions (137) . H3K9me2/3 is often found at inactive promoters, as is H3K27me3 (137) . The latter may be accompanied by H3K4me3 at minimally transcribed bivalent "poised" promoters (14) and may target (either alone or in combination with H3K4me3) de novo DNA methylation of gene promoters in cancer (10) . All three of the silencing marks have been localized to particular heterochromatic genomic regions. For example, H3K9me2/3 and H4K20me3 mark pericentromeric heterochromatin and repetitive elements, and H3K27me3 marks facultative heterochromatin, which is present along the inactive X chromosome (18) . Removal of lysine methylation is catalyzed by lysine-specific demethylases, which have been identified recently (42) .
Methylated lysines are read and interpreted by proteins containing chromodomains, plant homeodomain finger domains, and others. The particular reader involved determines the
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H D A C 4 downstream consequences of the marks. For example, heterochromatin protein 1 alpha (HP1-alpha) binding to H3K9me3 via its chromodomain functions to propagate this silencing mark by recruiting additional copies of the same histone methyltransferase writers to pericentromeric heterochromatin (7) . Other readers serve to link the distinct epigenetic systems. For example, chromatin-remodeling complexes are targeted to active promoters as readers of H3K4me; once recruited, they perform their main function as remodelers. H3K9me2/3 may target various genomic sites for DNA methylation (111) . The subsequent role of DNA cytosine methylation may be to lock in silent states. Importantly, in addition to histone marks targeting DNA methylation, there is some evidence to the contrary that suggests that DNA methylation may also direct particular histone marks (89) . Once the genomic sites are targeted, the DNA methyltransferases (DNMTs) are the writers of DNA cytosine methylation. DNMTs come in two types: the de novo DNMTs (DNMT3a and DNMT3b) and the maintenance DNMT (DNMT1), the latter of which targets hemimethylated DNA (111) . Cytosine methylation is read and interpreted by specific proteins containing methylCpG-binding domains (MBDs) (20, 62) . More recently, other readers of CpG methylation have been identified, including the SET and RING finger-associated (SRA) family of proteins (UHRF1 and UHRF2) and certain zinc finger-containing family members, which bind preferentially or exclusively to methylated DNA (20) . Others, like CTCF, bind exclusively to unmethylated DNA (9). These proteins perform a variety of functions and appear to have additional binding specificities, including particular histone marks and binding sites within the DNA sequence (20) . In the case of MBDs, they bind preferentially to methylated DNA and recruit protein complexes containing transcriptional repressors, including histone deacetylases, to the regions, and this leads to gene silencing (64) . This well-established idea has been called into question in the case of MBD3 and MBD5, which may not exhibit binding specificity toward methylated DNA (20) . Furthermore, in the case of MeCP2, its role may not be exclusively repressive. As expected, MeCP2-null animals show increased acetylation levels; rather surprisingly, however, they also show an abundance of decreased rather than increased target gene expression (45) . Interestingly, MeCP2 has recently been shown to displace histone H1 from nucleosomes and to be extremely abundant in the brain. In fact, the number of molecules of MeCP2 appears to be roughly equal to the number of nucleosomes in isolated neuronal nuclei, suggesting that MeCP2 may have a more global role in chromatin organization in addition to (or instead of) its previously suggested targeted role at individual promoters (45) .
Until recently, enzymes capable of removing DNA cytosine methylation, so-called erasers of the 5-methylcytosine mark, have remained elusive. It was known that one mechanism of removing Selected Mendelian disorders of the histone machinery caused by alterations of writers (highlighters) and erasers. Acetylation is a binary mark (present or not), and histone lysine methylation is a quaternary mark (mono-, di-, tri-, or unmethylated). The diagram illustrates these two types of modifications (see key) on two of the N-terminal histone tails, histone H3 and histone H4. The writers (highlighters) and erasers place and remove the modifications, respectively; some of these are associated with open, permissive chromatin ( green), and others are associated with closed, repressive chromatin (red ). Based on the enzymatic component of the epigenetic machinery involved and the predicted consequence of the reported mutations for each disorder, the diagram shows conditions that would be expected to shift the balance toward closed chromatin states at target loci (top) and those that would be expected to shift the balance toward open chromatin states at target loci (bottom). The former category includes Rubinstein-Taybi syndrome (RTS) (93, 101) , Kabuki syndrome (KS) (71, 86) , Wiedemann-Steiner syndrome (WSS) (61) , and possibly Weaver syndrome (WS) and Sotos syndrome (SS) (41, 69, 116) ; the latter category includes brachydactyly-mental retardation (BDMR) syndrome (128), Kleefstra syndrome (KLFS) (66), Claes-Jensen syndrome (CJS) (60) , and possibly Sotos syndrome (SS) (69) . For EZH2 in WS and NSD1 in SS (marked with asterisks), the epigenetic consequences are currently unclear.
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DNA cytosine methylation from the genome is to inhibit the maintenance DNA methylation machinery (95). Upon DNA replication, then, the methyl marks would be diluted out passively. However, more recently, ten-eleven translocation (TET) enzymes have been identified and found to play a major role in this process (58, 114) . TETs catalyze the conversion of 5-methylcytosine to 5-hydroxymethylcytosine (114) . The cytosine demethylation process is then completed by further biochemical conversion by the TET proteins and direct removal of the modified bases enzymatically (92, 95) .
MENDELIAN DISORDERS OF THE DNA METHYLATION MACHINERY
Mendelian disorders of the epigenetic machinery, particularly involving the DNA methylation machinery, have been described for writers and readers of DNA methylation but not yet for erasers of DNA methylation. Importantly, most currently reported Mendelian disorders of the DNA methylation machinery have predominant neurobehavioral phenotypes. For instance, Rett syndrome is an X-linked disorder affecting mostly females and resulting from loss-of-function mutations in a reader of CpG methylation, MeCP2 (83) . Individuals with Rett syndrome exhibit mostly normal development until 6-18 months of age, at which time they have developmental arrest and begin to lose previously acquired skills. They develop microcephaly, seizures, and stereotypic hand wringing and lose purposeful hand movements and speech (83) .
Heterozygous disruption of another MBD protein-encoding gene, MBD5, in the form of intragenic or contiguous gene deletions (52, 115) , chromosomal duplications (85), or point mutations (52, 85, 115) , results in strikingly similar phenotypes characterized by developmental delays (including speech and motor delays) and abnormal behaviors with autistic features. Interestingly, individuals with either a deletion or a duplication at 2q23.1 involving MBD5 exhibit additional overlapping neurobehavioral characteristics (namely hypotonia and sleep disturbances) as well as characteristic dysmorphic features, including a broad forehead, thick/highly arched eyebrows, and hand and foot abnormalities (52, 85, 115) . However, the deletion and duplication can be distinguished on the basis of certain growth characteristics, namely short stature, microcephaly, and small hands and feet, which tend to occur in individuals with the deletion. Seizures appear to be more common in the setting of deletions or point mutations (52, 85, 115) .
In addition to mutations affecting the readers of DNA methylation, those affecting the writers have been implicated in distinct Mendelian disorders of the epigenetic machinery. The first, immunodeficiency, centromeric instability, and facial anomalies (ICF) syndrome (47) , is caused by homozygous or compound heterozygous hypomorphic mutations in the de novo DNA methyltransferase gene DNMT3B. Cells from individuals with this autosomal recessive condition exhibit hypomethylation of particular DNA sequences as well as a predisposition to chromosomal rearrangements (80). The immunologic dysfunction, which presents early in life, includes hypo-or agammaglobulinemia and a less well-characterized defect in T cell immunity (80) .
Disruption of another writer of DNA methylation, DNMT1, can cause two related conditions, both of which result from mutations affecting the targeting-sequence domain of the protein. Mutations within exon 20 cause hereditary sensory and autonomic neuropathy with dementia and hearing loss (HSAN1E) (67) . Individuals with this disorder are healthy until young adulthood, when they develop sensorineural hearing loss and sensory neuropathy. They often eventually exhibit debilitating ataxia, seizures, cognitive and behavioral decline, and dementia (67) . At the molecular level, mutations within the targeting-sequence domain lead to misfolding and impaired targeting of DNMT1 to heterochromatin (67) . In addition, cells exhibit a global loss of 5-methylcytosine with increased focal areas of cytosine methylation at some gene promoters, a cellular phenotype reminiscent of that seen in cancer cells (67) 
It is interesting that, unlike most Mendelian disorders of the epigenetic machinery, which present in infancy or childhood and are nonprogressive (with the exception of Rett syndrome), DNMT1-related disorders present later in adulthood and have a progressive course. This is perhaps related to the fact that there is only one enzyme known that serves as a maintenance DNA methyltransferase (DNMT1). When a particular component of the epigenetic machinery that exhibits redundancy is disrupted, other related components can partially compensate for the loss and can tip the balance back toward a normal state, partially restoring chromatin and cellular homeostasis and thereby preventing a progressive disease state. However, when DNMT1 is similarly disrupted, there is no other maintenance methyltransferase to compensate and restore the balance; only DNMT1 encoded by the normal allele remains. This is insufficient to compensate fully, and thus the DNA cytosine methylation is diluted and permanently lost over time, possibly owing to an imbalance between maintenance DNA methylation on the one hand and TET-dependent (and replication-dependent) DNA demethylation on the other. It is possible that the onset of symptoms occurs once the progressive loss of DNA cytosine methylation reaches a critical threshold. This idea of age-dependent degeneration of epigenetic patterns was previously suggested as a mechanism for the late onset of common complex diseases (17) .
Another interesting and unique feature of the DNMT1-related Mendelian disorders of the epigenetic machinery is that the manifestations are essentially limited to the nervous system. Although many of the Mendelian disorders of the epigenetic machinery exhibit neurologic manifestations, few are exclusively neurologic disorders, instead having multisystemic manifestations. This suggests that in other tissues, one functional copy of DNMT1 can maintain appropriate DNA methylation levels, but in the central and peripheral nervous systems, two copies are required.
MENDELIAN DISORDERS OF THE HISTONE MACHINERY
Mendelian disorders of the histone machinery have been described for writers, erasers, readers, and chromatin remodelers. The histone writer and eraser system is unique because it involves opposing players that must achieve a balance of activity and subsequently of histone marks at particular target genes in any given cell state (Figure 1) . This idea is illustrated by Kabuki syndrome (KS), which can be caused by a defect in either a writer or an eraser (Figure 2) . KS is an autosomal dominant or X-linked intellectual disability syndrome with specific dysmorphic features, including a flattened facial appearance with characteristic eyes exhibiting long palpebral fissures, eversion of the lower lids, highly arched eyebrows, and long eyelashes, as well as short stature. KS is caused by mutations in either of two genes with complementary functions, i.e., mixed lineage leukemia 2 (MLL2) (86) or lysine-specific demethylase 6A (KDM6A) (71) (Figure 2) . These defects lead to indistinguishable conditions (KS1 and KS2). It may seem counterintuitive that loss-offunction mutations in a writer and an eraser lead to similar phenotypes; however, this makes sense when the specific functions are examined. MLL2 is a histone H3K4 methyltransferase that adds trimethylation to H3K4 (56), a mark exclusively seen in open chromatin (32) . KDM6A is a demethylase that removes trimethylation from H3K27, a closed chromatin mark (32, 109) . MLL2 is a transcriptional coactivator that interacts with transcriptional machinery at the promoters of target genes to facilitate gene expression (56) . Decreased MLL2 (or KDM6A) levels would therefore be expected to interfere with the upregulation of numerous critical target genes in susceptible cell types. Interestingly, MLL2 is a Trithorax ortholog, but in Drosophila the opposing Trithorax/Polycomb systems are known to compete to establish a dynamic balance that determines the gene expression levels of particular target genes (108).
Dosage sensitivity:
an attribute of some genes in which the loss or gain of a copy of the gene leads to a disease state Bjornsson and colleagues recently characterized a novel mouse model of KS with deletion of the SET domain of MLL2 (KMT2D) that appears to have a significant deficiency of H3K4me3 in the granule cell layer of the dentate gyrus, which is associated with defective neurogenesis and hippocampal memory defects (H.T. Bjornsson, J.S. Benjamin, J. Weissman, L. Zhang, E.E. Gerber, et al., manuscript in review). This work indicates that specific cell populations may have particular sensitivity to decreased levels of histone-modifying enzymes and the marks that they place. The fact that a deficiency in either removing a closed chromatin mark or placing an open chromatin mark leads to the same disease state suggests that the balance between systems that place open and closed chromatin marks at particular loci may be central to the pathogenesis of KS.
Another disorder, Rubinstein-Taybi syndrome (RTS), is inherited in an autosomal dominant manner and is characterized by specific dysmorphic features, including talon cusps, broad thumbs and great toes with angulation, a grimacing smile, short stature, and intellectual disability (93, 101) . The condition is caused by haploinsufficiency of either of two histone acetyltransferase enzyme genes (CREBBP and EP300) (93, 101) , which have overlapping functions (6, 88) (Figure 2) . RTS is therefore a deficiency of two different writers, both targeting critical sites on histone tails and leading to the same phenotype. Histone acetylation is a binary mark (present or not) and is seen exclusively in open chromatin. The fact that a defect in either CREBBP or EP300 leads to highly overlapping phenotypes might indicate that both histone acetyltransferases are targeted to an overlapping set of genes. Lymphoblastic cell lines from patients with mutations in CREBBP demonstrate global deficiency of histone acetylation (74) , and mouse models with targeted CREBBP alleles have demonstrated hippocampal memory defects associated with reduced histone acetylation (1, 68, 122) . A deficiency of histone acetylation might lead to a deficiency of open chromatin states in critical cell populations, with correspondingly lowered levels of target gene expression. Although both KS and RTS might be expected to tilt the balance toward less open chromatin states, the phenotypes are quite different. This probably reflects different target gene specificities for the MLL2/KDM6A (44) and CREBBP/EP300 (132) systems.
In contrast, brachydactyly-mental retardation (BDMR) syndrome provides an example of the opposite scenario (128): a disorder whose molecular abnormality tips the balance toward open chromatin at target loci (Figure 2) . In this condition, caused by haploinsufficiency of a histone deacetylase gene (HDAC4), patients have skeletal abnormalities, including brachycephaly and brachydactyly, as well as intellectual disability (128) . This condition also demonstrates dosage sensitivity, as the severity of the phenotype appears to be dictated by the amount of residual function of HDAC4 (84) . HDAC4 is an eraser of the same marks deposited by CREBBP/EP300 (127), tilting the balance toward closed chromatin states. For instance, decreased amounts of HDAC4 appear to upregulate the MEF2 gene in neurons, offering a possible explanation for the intellectual disability seen in the syndrome (102) . In addition, HDAC4 −/− mice have skeletal abnormalities resembling those of humans with BDMR, as well as increased expression of RUNX2, a known target of HDAC4 repression (124) . Therefore, either too much or too little open chromatin at target genes can lead to disease, indicating that the balance between open and closed chromatin states at those sites must be tightly regulated.
Although the deposition of epigenetic modifications can directly affect expression, reading of those marks must also be important to coordinate members of the epigenetic machinery (97), link chromatin-modifying systems to other systems (136) , and ultimately affect downstream gene expression. In that regard, some readers contain distinct domains that confer the ability to place histone modifications (writers) or remodel chromatin (98) . Börjeson-Forssman-Lehmann syndrome (BFLS), however, is an X-linked recessive intellectual disability syndrome caused by missense mutations in PHF6, encoding a protein that appears to be a reader without other functional domains (75), although PHF6 is known to bind to the NuRD complex (28, 118) and may help to lock in repression through this interaction. BFLS patients have intellectual disability, dysmorphic features, and obesity (120) . Loss-of-function mutations in the same gene have also been found in a number of leukemias (118) .
In contrast to the pure reader PHF6, ATRX is a component of the epigenetic machinery with multiple functions. It acts as both a chromatin remodeler and a reader to coordinate the various epigenetic systems (26) . As a reader, ATRX exhibits tripartite binding via its ATRX-DNMT3-DNMT3L (ADD) domain, interacting with H3K9me3 and H3K4me0 on a single histone H3 tail while simultaneously binding HP1-alpha (33, 57) . This elaborate combinatorial binding interaction targets ATRX to specific genomic sites, where it acts as an ATP-dependent chromatin remodeler. ATRX also interacts with MeCP2 and DAXX, the latter interaction suggesting a role for ATRX in replacing the H3.3 variant (81, 137) .
Unlike many Mendelian disorders of the epigenetic machinery, for alpha-thalassemia/mental retardation X-linked (ATRX) syndrome, a disease-relevant target gene is known. Mutations in ATRX lead to downregulation of alpha-globin gene expression, resulting in individuals with ATRX syndrome having features of the autosomal recessive disease alpha-thalassemia. This supports the broader hypothesis that the pathogenesis of Mendelian disorders of the epigenetic machinery involves downstream epigenetic consequences affecting particular target genes. Furthermore, for ATRX, these trans epigenetic effects then interact with cis variation (genetically determined repeat length) within the alpha-globin locus itself (26) to further modify gene expression. The phenotypic features of ATRX syndrome are more extensive than those of isolated alpha-thalassemia, though, indicating the presence of additional disease-relevant target genes for the former. Features of ATRX syndrome include severe intellectual disability, genital anomalies, characteristic facial appearance, short stature, microcephaly, and brachydactyly in addition to alpha-thalassemia (38) . Interestingly, most individuals with this disorder have mutations in the ADD domain or in the ATPase domain of ATRX (40) . Mutations in the ADD domain correlate with more severe intellectual disability, whereas mutations in the C terminus lead to more severe genital anomalies (40) .
IS AN IMBALANCE OF CHROMATIN STATES CENTRAL TO PATHOGENESIS?
Multiple lines of evidence suggest that Mendelian disorders of the epigenetic machinery result from perturbations of a delicate balance between open and closed chromatin states at particular target genes. Many of these conditions can result from both point mutations within a gene and chromosome microdeletions containing the same gene, suggesting haploinsufficiency as a common disease mechanism (e.g., 19, 66, 69, 71) . The majority of the writer/eraser systems, which are composed of enzymes that either add or remove chromatin modifications, demonstrate autosomal dominant inheritance ( Table 1) . This is intriguing because, in contrast, the majority of other Mendelian enzyme deficiencies are autosomal recessive conditions. Given the prolific efficacy of most enzymes, biallelic mutations with a concomitant reduction of enzymatic activity to <5% of control levels are necessary to cause the expression of disease phenotypes; heterozygotes retaining approximately 50% of enzymatic activity are typically asymptomatic.
The dosage sensitivity for Mendelian disorders of the epigenetic machinery is intriguing in light of the enormous redundancy of some of the protein components with apparently overlapping functions. For instance, there are dozens of enzymes described with H3K4me3 activity, many of which are ubiquitously expressed (31) . Despite this seemingly evident redundancy, loss of a single allele of one of these enzymes is sufficient to cause the multisystem disease KS. However, perhaps this redundancy limits the number of affected cell types and thereby leads to a more benign phenotype that is compatible with life despite the wide expression of this component of
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the epigenetic machinery. Although alternative explanations exist for dosage sensitivity in humans, we favor the hypothesis that the total activity of writers and erasers, the epigenetic marks that they place, and thus the resulting open (active) and closed (silent) chromatin states must remain tightly balanced in cells at particular gene promoters (Figure 1) . The dosage sensitivity of components of the epigenetic machinery could suggest that levels of coactivators are carefully controlled in cells to fine-tune gene expression levels. For instance, cellular systems with CREBBP deficiency reveal dose-dependent effects on gene expression, which are dependent on the diversity of modification systems available for a particular target site and/or the strength of recruitment to a particular site (65) . Alternatively, given that each individual epigenetic player within a cell acts on multiple downstream target genes and genomic regions and that each works in close cooperation with transcription factors, which are also known to be finely titrated, disruption of just one allele of one of these genes is sufficient to alter this delicate balance.
Our balance hypothesis is supported by the observation that KS exhibits identical phenotypes upon disruption of either a writer of H3K4me3 (an active mark) or an eraser of H3K27me3 (a silencing mark). This indicates that the transition between open and closed chromatin states is critical to disease pathogenesis. Similarly, defects in either deposition of histone acetylation (RTS) or removal of histone acetylation marks (BDMR) lead to disease phenotypes. A one-sided deficiency might be expected to have genome-wide effects, but, perhaps similarly to ATRX, there are a limited number of disease-relevant target genes that are particularly sensitive in each case. At target gene promoters in cells haploinsufficient for MLL2, for example, one might expect to see decreased H3K4me3 and thus increased H3K4me0. Although most genes might tolerate this deficiency, perhaps a small number of disease-relevant target genes in key cell populations are critically affected by this disrupted balance, resulting in altered gene expression. Alternatively, this might promote placement of other marks-possibly H3K9me3, DNA methylation, and H3K27me3-which also could affect transcription.
We now know of a number of Mendelian disorders of the epigenetic machinery that involve disruption of histone writers and erasers ( Table 1) . If the delicate balance of histone marks and the subsequent effects on the predisposition toward open or closed chromatin states are central to pathogenesis, then it might be critical to determine whether the effect of disruption of each component of the epigenetic machinery would be expected to lead to a defect in open chromatin (likely leading to downregulation of gene expression) or a defect of closed chromatin (likely leading to upregulation of gene expression) at downstream target genes. Figure 2 categorizes disorders based on expected effects on chromatin states.
This idea that a delicate balance of chromatin marks and target gene expression is important in the pathogenesis of Mendelian disorders of the epigenetic machinery is not limited to the histone modification system. Disruption of a dosage-sensitive reader of epigenetic marks, MBD5, can lead to similar phenotypic differences if MBD5 is deleted or duplicated. Indeed, MBD5 expression is reduced in individuals with haploinsufficiency of the predicted reader of epigenetic marks, regardless of mutation mechanism (115) , and MBD5 expression is increased when the region is duplicated (85) . However, downstream epigenetic and cellular consequences and particular target loci have not been identified. Similarly, a protein closely related to MBD5 and a known reader of DNA cytosine methylation, MeCP2, exhibits marked dosage sensitivity, which is illustrated nicely by the varying phenotypic severity of the corresponding X-linked disorder, Rett syndrome, based on the number of copies of the MeCP2 gene expressed (45) . The disorder is more severe in males, who have no functional copies of the gene; for females, the phenotype can vary greatly depending on the pattern of X inactivation as well as on the type and severity of mutation. The more skewed the X inactivation pattern is toward the normal X, the less severe is the disease phenotype (45). That both MeCP2 and MBD5, two readers of epigenetic marks, appear to be so exquisitely dosage sensitive suggests the importance of maintaining not only a critical balance of epigenetic marks and chromatin states within cells but also a critical number of interpreters of those marks. Furthermore, the phenotypic findings in these disorders along with the distinct neurobehavioral-predominant pathogenic features of each suggest that this balance is particularly delicate within the central nervous system.
CAN IMBALANCE INFORM OTHER DISEASE STATES?
In light of the themes that have emerged as we have learned more about Mendelian disorders of the epigenetic machinery, we may be able to hypothesize about the pathogenic sequence in certain less well-elucidated disorders within this category. For instance, Wiedemann-Steiner syndrome (WSS) results from haploinsufficiency of MLL (61) , an H3K4 histone methyltransferase gene closely related to MLL2, mutations of which causes KS (86) (Figure 2) . Both WSS and KS result in intellectual disability and short stature as well as common distinct dysmorphic features, including long eyelashes and highly arched eyebrows. Interestingly, the causative molecular changes for WSS and KS would both be expected to tip the balance toward closed chromatin states (Figure 2) . Thus, their related molecular etiologies and phenotypic similarities are in line with our idea that balance is critical in these disorders.
Two additional related disorders where imbalance may inform pathogenic sequence are Weaver syndrome (WS) and Sotos syndrome (SS). Both are inherited disorders characterized by generalized somatic overgrowth and intellectual disability, and each has its own characteristic dysmorphic features that somewhat overlap with the other (91) . Their phenotypic similarity suggests a common pathogenic consequence of their distinct genetic etiologies. Therefore, in the context of our balance hypothesis, we would predict that both would shift the balance of chromatin in the same direction. Making progress in understanding one condition may therefore inform the other.
WS results from mutations in Enhancer of Zeste 2 (EZH2), which encodes a writer of the silencing mark H3K27me3 (41, 116) . Most are missense changes, although a few truncating mutations have been described in the penultimate exon, which are expected to escape nonsense-mediated mRNA decay and possibly result in the production of truncated proteins (117) . These observations hint at a gain-of-function mutation mechanism (Figure 2 ) and are indirectly supported by constitutional EZH2 ablation in mice, which does not recapitulate the WS phenotype but rather leads to early embryonic lethality with mutant embryos that are smaller than wild-type littermates (87) . Confounding studies of EZH2 expression in cancer cells reveal both upregulation and downregulation, depending on the type of malignancy (51) .
SS results from heterozygous loss-of-function mutations (69) or whole-gene deletions (63) in NSD1, which encodes a histone methyltransferase with dual specificity for H3K36 and H4K20 (12, 99, 126, 133) . As expected, both H3K36me3 and H4K20me3 appear to be reduced in lymphoblastoid cell lines derived from individuals with SS (12) , and expression of one target gene (MEIS1) is induced in association with an increase in an activating mark (H3K4me3) and a decrease in repressive chromatin marks (H3K9me3, H3K27me3, and H4K20me3). However, depletion of NSD1 using RNA interference led to both upregulation and downregulation of distinct subsets of genes (12) . Here, identification of disease-relevant target genes might inform the pathogenic sequence and assist with the development of rational therapeutic strategies.
Placing WS and EZH2 in the context of our balance hypothesis seems straightforward. If WS mutations are activating, then the silencing mark H3K27me3 would increase, favoring closed chromatin states (Figure 2) ; however, if mutations result in loss of function of EZH2 and decreased H3K27me3, then the balance would shift toward open chromatin. For SS, predictions are less straightforward owing to NSD1's dual specificities for H4K20 and H3K36 and the roles of the latter in both transcriptional activation and silencing. Loss of H4K20me3, a repressive mark, would be expected to shift the balance of chromatin toward a more open state (Figure 2) , whereas loss of H3K36me3 (a traditionally active mark), could shift the balance either way and may depend on the presence of other nearby marks, making predictions about overall chromatin states in SS difficult (Figure 2) .
Interestingly, there is evidence that some marks placed by EZH2 and NSD1 might be mutually exclusive (126) . For example, Yuan et al. (135) showed that H3K27 methylation may preclude H3K36 methylation. Thus, if WS mutations in EZH2 are activating, then the predicted increase in H3K27me3 might lead to a concomitant reduction in H3K36me3, the latter of which has been demonstrated in SS (12) . This potential shared pathogenic consequence of distinct mutations in two different histone methyltransferases could explain, at least in part, the striking phenotypic similarity between these two disorders of somatic overgrowth, particularly if the described changes affect common downstream target genes.
PHENOTYPIC OVERLAP
Many Mendelian disorders of the epigenetic machinery demonstrate significant phenotypic overlap, both with one another and with classical imprinting disorders. Both groups are characterized by neurobehavioral and/or growth abnormalities, highlighting the importance of the various epigenetic systems in neurologic development, continued brain function, and basic mechanisms of growth. This observation suggests common downstream targets for some Mendelian disorders of the epigenetic machinery and raises the question of whether at least a subset of those targets may be the very loci involved in classical imprinting disorders.
The features of intellectual disability, short stature, obesity, and brachydactyly and/or small hands might be considered cardinal features of epigenetic disease, as they are seen in many disorders, including PWS (22) , MBD5 disruption syndromes (52, 85, 115) , BDMR (128) , KS (71, 86) , WSS (61) , and BFLS (75) . Within this group, PWS and MBD5 disruption syndromes share additional similarities, including hypotonia, hyperphagia, and sleep disturbances. The overlap is especially fascinating when considering the diversity of molecular epigenetic systems affected within this subset of conditions, suggesting common molecular pathogenic mechanisms.
In contrast, although patients with BWS exhibit pre-and postnatal overgrowth and macroglossia (24) and patients with RSS exhibit pre-and postnatal undergrowth (29) , neither condition typically manifests neurobehavioral abnormalities. Like BWS, WS and SS result in generalized overgrowth; however, they also result in intellectual disability. Patients exhibit common facial features characterized by a tall, broad forehead; hypertelorism; and downslanting palpebral fissures, but are distinguished by a characteristic "stuck-on" chin in WS and prognathism in SS (117) .
Furthermore, subsets of the Mendelian disorders of the epigenetic machinery share overlapping malformations and distinct dysmorphic features. Those with cardiac malformations include RTS (93, 101) , KS (71, 86) , SS (63, 69) , MBD5 disruption syndromes (52, 85, 115) , and Kleefstra syndrome (KLFS) (66) , whereas those with genital dysmorphisms include RTS (93, 101) , ATRX (39), PWS (22) , KLFS (66) , and Claes-Jensen syndrome (CJS) (60) . Additionally, many of these conditions have similar craniofacial features, including a broad, prominent forehead in WS, SS, MBD5 disruption syndromes, and RSS and a large or broad tongue in BWS, MBD5 disruption syndromes, and KLFS. Finally, MBD5 disruption syndromes appear to act as masqueraders of various epigenetic phenotypes in terms of minor dysmorphic features (52, 85, 115) . In addition to the phenotypes mentioned above, individuals with this spectrum of disorders often have highly arched, thick eyebrows reminiscent of those in KS, and those with the duplication have broad great toes resembling those in RTS. Thus, the phenotypic overlap between MBD5 disruption disorders and disorders of histone acetylation, histone methylation, and classical imprinting disorders may indicate convergence of the multiple layers of the epigenetic marks onto partly shared subsets of disease-related target genes. This phenotypic overlap may inform our understanding of molecular pathogenesis and allow prediction of other novel related diseases.
THERAPEUTIC APPROACHES BASED ON RESTORING BALANCE
Herein, we have attempted to summarize the distinctive features of this emerging group of disorders, the Mendelian disorders of the epigenetic machinery. In an effort to stimulate discussion, we have proposed that the pathogenesis of many of these disorders relates to an ongoing dose-dependent deficiency of otherwise finely titrated components of the epigenetic machinery, causing improper expression levels of disease-relevant target genes, referred to here as the balance hypothesis. If the pathogenesis of disorders involving disrupted writers and erasers reflects the Therapeutic approaches based on understanding and restoring the balance of chromatin states. Our balance hypothesis offers a starting point for proof-of-principle studies for individual Mendelian disorders of the epigenetic machinery, which are potentially treatable causes of intellectual disability. If abnormalities of the expression of target genes are the culprit, then these disorders would be prime candidates for therapeutic development because the target genes would be expected to be fully functional, albeit improperly expressed, in patients with these disorders. dynamic status of this balance rather than fixed developmental insults, this might have profound implications for therapeutic development (Figure 3) . For instance, mouse models of RTS with loss-of-function mutations in CREBBP demonstrate hippocampal memory defects that respond to two different histone deacetylase inhibitors: SAHA (vorinostat) and trichostatin A (1, 68) . Similarly, Bjornsson and colleagues have shown that a mouse model of KS with a severe deficiency of H3K4me3 and defects of neurogenesis within the granule cell layer of the dentate gyrus also demonstrates hippocampal memory defects, which respond postnatally to treatment with a histone deacetylase inhibitor (H.T. Bjornsson, J.S. Benjamin, J. Weissman, L. Zhang, E.E. Gerber, et al., manuscript in review). These data suggest that targeting the epigenetic machinery might ameliorate an ongoing imbalance of chromatin states, with effects on disease phenotypes (Figure 3) . A number of US Food and Drug Administration-approved agents, including valproic acid (94) , carbamazepine (15) , and vorinostat (23) , are known to have histone deacetylase inhibitory effects in addition to their other described functions. Treatment with these and other histone deacetylase inhibitors may be fruitful in these disorders, tipping the balance toward open chromatin (Figure 3) . In contrast, BDMR, a disorder of excess open chromatin (Figure 3) , is known to lead to upregulation of at least one target gene (102) . If the balance hypothesis is correct, then one might expect this disorder and others that lead to more open chromatin to respond to histone acetyltransferase inhibitors (Figure 3) , such as curcumin and anacardic acid (79) . This also highlights the importance of trying to classify these disorders based on proposed effects on gene expression and chromatin states (Figure 2) , although classifying some disorders (WS and SS) might be difficult without first uncovering disease-relevant target genes.
Epigenetic therapies have also been used with some success as cancer therapeutics (5, 134) , and there is enormous interest in the development of epigenetic therapies for neurologic conditions (121) . In fact, histone deacetylase inhibitors positively affect a number of diverse neurologic conditions, ranging from childhood disorders such as spinal muscle atrophy to adult-onset conditions such as Alzheimer's disease (121) . We would argue, however, that the Mendelian disorders of the histone machinery might be the perfect group for epigenetic therapeutic development, given the specific known deficiencies of particular components of the epigenetic machinery, which could allow for rational therapeutic design. Studies of this diverse group of diseases might offer valuable insights into how best to manipulate the epigenome, with the ultimate goal being the development of broad-based epigenetic therapeutic strategies.
SUMMARY POINTS
1. Mendelian disorders of the epigenetic machinery are caused by defects in various components of the machinery, which write, erase, read, and remodel epigenetic marks.
2. In contrast to most classical imprinting disorders, these genetic aberrations are expected to have global epigenetic consequences in trans.
3. Despite the redundancy of the components of the epigenetic machinery, loss or gain of a single allele is not tolerated, leading to disease states and indicating tight regulation of the amount of each component at disease-relevant target genes.
4. Specific examples suggest that the balance between systems that add and remove marks is critical to pathogenesis. For instance, Kabuki syndrome is caused by a deficiency of a writer of an open chromatin mark or an eraser of a closed chromatin mark. Similarly, Rubinstein-Taybi and brachydactyly-mental retardation syndromes affect the same marks but in opposite directions.
5. If the pathogenesis of these disorders relates to an ongoing dose-dependent deficiency of otherwise finely titrated components of the epigenetic machinery, leading to improper expression levels of disease-relevant target genes (referred to here as the balance hypothesis), then agents that favor either chromatin opening (histone deacetylase inhibitors) or chromatin closing (histone acetyltransferase inhibitors) might have therapeutic potential.
FUTURE ISSUES
1. Can we find additional disease-relevant target genes for other Mendelian disorders of the epigenetic machinery (in addition to alpha-thalassemia/mental retardation X-linked and brachydactyly-mental retardation syndromes) for which disrupted expression leads to specific features of disease phenotypes?
2. Can disease-relevant genes act as biomarkers of prognosis and therapeutic response? Can expression analysis of disease-relevant target genes help us explain the phenotypic variation seen in these disorders and allow us to map modifier genes?
3. Why do defects of ubiquitously expressed components of the epigenetic machinery lead to cell-and tissue-specific disease phenotypes that differ from one another? Are there particular cell populations with sensitivity to these defects?
4. Can we use available agents that target epigenetic systems to restore abnormal gene expression of disease-relevant target genes in multiple conditions? Can we appropriately titrate those agents to treat ongoing disease phenotypes (such as intellectual disability) without causing toxicity?
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